ABSTRACT In computer science, consensus theory has been studied for decades. ''Consensus'' in a multiagent system means reaching an agreement regarding a certain quantity of interest. The modular multilevel converter (MMC) is a promising topology for medium-and high-power applications owing to its salient features. In MMC operation, one key point is to regulate the capacitor voltage of each submodule (SM). The SMs in MMCs are interconnected both physically and via a control system, and these SMs can be regarded as a multi-agent system, with the control objective of regulating their capacitor voltages, which could formulate a consensus problem. In this paper, through mathematical derivation, it is found that individual capacitor voltage regulation control of phase-shifted-carrier pulse-width modulation (PSC-PWM) MMC is one special case of consensus theory. Furthermore, based on the consensus theory, the influence of different communication structures on the MMC voltage regulation performance is discussed. The analysis proves that the existing one has the highest rate of convergence. The impact of current-tracking dynamics on consensus-based interpretation is also analyzed. In addition, the proportional relationship between the rate of convergence and the P controller parameter is also justified. The experiments on a seven-level down-scaled prototype are conducted to confirm the analysis.
I. INTRODUCTION
The modular multilevel converter (MMC) has attracted considerable interest recently. Compared with the traditional neutral point clamp or flying-capacitor-based multilevel converter, the MMC possesses inherent benefits such as high redundancy, high modularity, high controllability, and excellent output voltages and currents. It is regarded as a promising topology for medium-and high-power applications [1] - [8] .
To ensure stable operation of the MMC, submodule (SM) capacitor voltages need to be regulated at its reference value, i.e., U dc /N , where U dc denotes the DC-link voltage of the MMC and N denotes the number of SMs in one arm. This can be achieved by four-level voltage regulation control [6] , [9] , i.e., 1. total capacitor voltage control (in rectifier mode), 2. phase capacitor voltage balance control, 3. arm capacitor voltage balance control, and 4. individual capacitor voltage
The associate editor coordinating the review of this manuscript and approving it for publication was Huiqing Wen. regulation control. The first three level controls can be realized by adjusting the output active current and the MMC inner circulating current, while, for individual capacitor voltage regulation control, the control strategy depends on the specific application.
In MMC-based high-voltage direct current (HVDC) systems, the number of SMs in one arm can be up to several hundred. To make this feasible, nearest level modulation (NLM) [10] - [12] combined with a capacitor voltage sorting algorithm is adopted to follow the output voltage reference and regulate all SM capacitor voltages. Because of the large number of SMs in one arm, the output waveform is a good approximation to the voltage reference. In addition, improvements have also been made to reduce the switching frequency [13] , [14] and to increase the output voltage levels [15] . In MMC-based medium-voltage systems, the number of SMs in one arm is insufficient to support the NLM method to guarantee output quality. Unneglectable low-order harmonics will appear. In this case, phase-shifted-carrier pulse-width modulation (PSC-PWM) is advantageous. The PSC-PWM method enables lowfrequency harmonics to be canceled out and increases the equivalent switching frequency by properly assigning the phase angle displacement of each triangular carrier [6] , [16] - [20] . The corresponding individual voltage regulation control is based on the closed-loop controller for each SM. This controller compares the actual capacitor voltage and average arm capacitor voltage, and the error is sent to a proportional controller to generate the adjusting signal.
In computer science, the consensus problem has been studied for a long time [21] - [26] . In multi-agent systems, the word ''consensus'' means that a certain quantity of interest comes to an agreement, based on the states of all agents. Recently, compelling attention has been paid to the consensus problem, because of the wide application of multiagent systems in many important domains such as microgrids, unmanned air vehicles, flocking, and so on [27] - [32] .
SMs in MMCs are interconnected both physically and via a control system, and these SMs can be regarded as a multiagent system, with the control objective of regulating their capacitor voltages, which could formulate a consensus problem. Therefore, consensus theory may also be able to realize SM individual capacitor voltage regulation control, or the existing control strategy can be interpreted by consensus theory. Therefore, presenting a clear discussion of this subject will be very essential. To fulfill this need, this paper aims to establish the relationship between the individual capacitor voltage regulation control and consensus theory.
Through mathematical derivation, we deeply analyze PSC-PWM closed-loop-based individual capacitor voltage regulation control and find that individual capacitor voltage regulation control of PSC-PWM MMC is one special case of consensus theory. This gives an interpretation of MMC individual capacitor voltage regulation via a more general theory, which, in other words, also provides a theoretical proof of its validity. In addition, based on consensus theory, we demonstrate that the communication structure of multi-agent systems will also influence system performance. We compare three different communication structures and discuss their impact on MMC control performance. This proves that the existing communication structure in MMC achieves the highest rate of convergence. The impact of current-tracking dynamics on consensus-based interpretation is also discussed. A second-order circulating current controller is added to the MMC control system. Voltage regulation is tested in both current tracked with large errors and current well-tracked situations, showing that the currenttracking dynamics will not deteriorate the consensus-based interpretation. Besides, the proportional relationship between the rate of convergence and the P controller parameter is also justified. Experiments on a seven-level down-scaled prototype are conducted in the laboratory. The experimental results coincide well with the theoretical analysis, confirming the validity of the theory. The interpretation of the individual capacitor voltage regulation control of PSC-PWM MMC via consensus theory in this paper provides a different viewpoint for researchers and power electronics engineers to understand control of power electronics systems. Through consensus theory, the convergence of individual voltage regulation control is justified. Moreover, the discussion of the P controller parameter could be helpful in the design of system control parameters.
II. CONSENSUS THEORY AND CAPACITOR VOLTAGE REGULATION CONTROL IN AN MMC A. CONCEPT OF CONSENSUS THEORY
First, the concept of consensus theory is presented. A multiagent system can be represented by a graph S = (V S , E S ), where V S is a finite nonempty set of agents named vertices and E S is a set describing communications between agents named edges. Given the features of power electronics systems, this discussed graph is considered to be unweighted, with undirected edges, without loops and without multi-edges.
The adjacency matrix A S of graph S is a symmetric matrix depicting the connection of vertices of this graph, with entries defined as
The adjacency matrix of the example system in Fig. 1 
Entries a 21 and a 12 are both equal to 1, which means that there is an undirected edge between agent 1 and agent 2.
The degree matrix of D S of graph S is a diagonal matrix with vertex degrees along its diagonal, where the degree of the vertex stands for the number of vertices connected to it.
Apparently, the degree matrix of the example system in Fig 
Here, we define x as the quantity of interest. For different applications of consensus theory, this quantity may be position, speed, voltage, etc. To ensure that the quantity of interest reaches an agreement, a linear consensus algorithm can be defined as [22] 
where C is the diffusion coefficient. Consensus in a multi-agent system means the quantity of interest x of each agent will finally be equal to each other:
Take agent 2 in Fig. 1 for example. As seen in (4), in its control system, the difference in x between agent 2 and connected agents, i.e. agent 1 and agent 4 in this system, will be calculated. The sum of these differences will be added together, generating a dynamicẋ. This dynamic variable makes agent 2 adjust its state.
From the lemma in [23] , the linear consensus algorithm defined in (4) will asymptotically solve a consensus problem for all initial states if graph S is a connected undirected graph.
An undirected graph is a graph in which edges have no orientation. In other words, the flow through edges is bidirectional. A connected undirected graph is one such that there is a path from any vertex to any other vertex in the graph.
This system can also be expressed in the compact forṁ
, and the matrix L S is called the Laplacian of the graph. The Laplacian of graph L S in the analysis of the corresponding linear consensus algorithm is crucial. L S will be symmetric and possess real eigenvalues in undirected graphs. The set of eigenvalues can be listed as
The second smallest eigenvalue of the Laplacian, λ 2 , is called the algebraic connectivity of the graph [33] . More importantly, it is a measure of performance and speed of the consensus algorithms [22] . From the definition of the graph Laplacian, it is clear that L S is determined by the structure of the graph.
For more details on consensus theory, see [22] , [23] , and [34] .
In power electronics, the agents can be power converters, SMs in MMCs, etc. The quantity of interest can be voltage, current, active or reactive power, etc. The differences of this quantity of interest between different agents will generate a dynamicẋ i . Apparently, this dynamic variable is associated with the adjacency matrix, i.e., the system communication structure. This dynamic variable will cause flow of the quantity of interest among agents. If the system satisfies the requirements of the lemma, a consensus will be reached, i.e., voltage and current will be balanced, and active and reactive power will be equally shared, etc.
B. MMC BASIC OPERATING PRINCIPLES
A typical three-phase MMC system is shown in Fig. 2 . In each phase of the MMC, there is two arms, upper and lower arms. Each arm consists of a series connection of N SMs, an arm inductor, and a resistor indicating the loss. On the right-hand side, the structure of the half-bridge SM is presented. The SM consists of two switching devices (S1 and S2) and one capacitor. The SM can output two voltage levels: 0 and U sm . When the gate signal received is 1, switch S1 is turned on, and S2 is off. The SM is inserted into the circuit, being charged or discharged, according to the current direction. When the gate signal received is 0, switch S1 is turned off, and S2 is on. The SM is bypassed.
Applying Kirchhoff's voltage law to the MMC upper and lower arms, respectively, gives mathematical model of an MMC:
and
where u x is the MMC output voltage, U dc is the DC link voltage, u U .x and u L,x are upper and lower arm output voltages, and i U ,x and i L,x are upper and lower arm currents. x = a, b, and c denotes phases A, B, and C, respectively. The circulating current in an MMC is defined as
The AC side output current can be expressed as
By adding (8) and (9) together and subtracting (8) from (9), we can get
Equations (12) and (13) show the MMC outer and inner characteristics. We can find that the MMC output is determined by the difference between upper and lower arm output voltages, whereas the MMC inner circulating current is influenced by the sum of upper and lower arm output voltages. Consequently, the MMC system can be controlled by adjusting MMC upper and lower arm output voltages.
C. CAPACITOR VOLTAGE REGULATION CONTROL AND PSC-PWM
In the operation of an MMC, capacitor voltage regulation is very important. SM capacitor voltage regulation control consists of four levels: 1. total capacitor voltage control (in rectifier mode), 2. phase capacitor voltage balance control, 3. arm capacitor voltage balance control, and 4. individual capacitor voltage regulation control. Total capacitor voltage control is achieved by controlling the active current of the system. This level control exists only under rectifier mode operation of the MMC when no stiff DC source is connected to the MMC DC link. Phase capacitor voltage control balances the power among the three phases by adjusting the DC circulating current. Arm capacitor voltage control balances the capacitor voltage between upper and lower arms by adjusting the fundamental frequency circulating current. If these controls work well, the average capacitor voltage of one arm will be well maintained to its reference value. Then, the fourth level control, i.e., individual capacitor voltage regulation control, will regulate the capacitor voltages of each SM to be balanced. The corresponding control diagrams of phase, arm, and individual voltage control are shown in Fig. 3 . The generation of DC and AC circulating current references is In Fig. 3(d) , the individual capacitor voltage is compared with the arm average value. The error passes a P controller, then is multiplied by the corresponding arm current, finally giving the adjusting signal. The output u * BU ,i,x will be part of the modulation signal for the SMs. Based on the voltage regulation control system, the final modulation signals for each SM can be synthesized by
where U dc denotes the DC link voltage, u * x is the output voltage reference, subscripts U and L denote upper and lower arms, and i= 1−N denotes the ith SM in one arm.
Then the PSC-PWM will generate the gate signals for the switching devices. Fig. 4 shows the operation principle of the PSC-PWM. For an MMC system with N SMs per arm, two sets of N triangular carriers (of frequency f c and, angular frequency ω c ) with phase shift 2π/N are needed. Carriers C U 1 to C UN are for the upper arm, and carriers C L1 to C LN are for the lower arm. Each SM possesses one modulation signal as synthesized in (14) and is assigned to a triangular carrier. Then the modulation signal compares with the corresponding triangular carrier; if the modulation signal is greater than the triangular carrier, the gate signal is 1, and the SM will be in the on state (and vice versa).
Figs. 4(a) and 4(b) show the upper and lower arm triangular carriers, respectively. The modulation signals of the first SM in the upper and lower arms are also depicted. The corresponding gate signals are given as well.
The phase shift of triangular carriers results in a high equivalent switching frequency (Nf c ) and low harmonic distortion. The phase displacement between the upper arm carriers and lower arm carriers θ will also influence the harmonic features of the MMC [18] .
III. RELATIONSHIP BETWEEN CONSENSUS THEORY AND MMC CONTROL A. EQUIVALENCE
In the following analysis, the assumption has been made that all other level controls operate normally. Therefore, only the individual capacitor voltage regulation control in one arm is considered. Under this assumption, the SMs in one arm can be regarded as a multi-agent system, and the capacitor voltage of each SM is the quantity of interest for which we want to reach a consensus.
Because the MMC is symmetrical, we take one upper arm for an example in the analysis. From the control diagram, the average upper arm voltageū smU ,x can be calculated as
The corresponding error signal for the ith SM is then obtained as
The equation above can be transformed as
and then the final adjusting signal of individual voltage regulation control will be
According to the final adjusting signal in (18), the corresponding power flow generated can be expressed as
When the individual capacitor voltage regulation control works, the control system will give the adjusting signal and generate the power flow to adjust the capacitor voltage. The power flow will finally be zero when the individual capacitor voltage regulation control achieved. Comparing (19) with the linear consensus algorithm defined in (4), we find that these two equations have a similar form. To gain a deeper understanding, here, as in consensus theory, we define a simple graph C, where the SMs are the vertices and the communications among SMs are the edges.
Typically, centralized control strategies are used in an MMC, which means that all the measured quantities (capacitor voltages, arm currents, output currents, etc.) are sent to the digital signal processor (DSP). Then the regulation control is also executed in the DSP. Therefore, the capacitor voltages of each SM are all stored in the DSP and these are used to calculate the adjusting signal in (18) . In this case, we can say that there is communication among all SMs in one arm. Correspondingly in the graph, all vertices are connected together. Therefore, the simple graph C is a complete graph, as shown in Fig. 5(a) . In this paper, we take an MMC system with six SMs in one arm as an example. The corresponding VOLUME 7, 2019 
The following compact forms of (17), (18) and (19) can also be obtained:
where
It is now clear that (25) is identical to (6), where
is the diffusion coefficient. From the analysis above, we can find that the existing individual capacitor voltage regulation control in PSC-PWM MMC is one special case of consensus theory. In addition, the capacitor voltage will definitely converge to its average value (under the assumption that other level controls are achieved), because graph C is a connected graph, based on the lemma in [23] . It should be noted that the diffusion coefficient here is time varying for the arm current is periodic. However, this coefficient will only influence the rate of convergence [22] , and it will not impact the consensus. The individual capacitor voltage regulation control of PSC-PWM MMC is now interpreted via consensus theory. In addition, stability of MMC capacitor voltage regulation control has also been proved in [35] by using the ''Routh-Hurwitz stability criterion.'' It needs to be pointed out that the diffusion coefficient contains the MMC arm current, i U ,x , for the upper arm (i L,x for the lower arm), which is related to the MMC operation state. As mentioned in the beginning, we assume that other level controls are well achieved, so i U ,x tracks its reference i * U ,x well. Thus, no impact of current-tracking dynamics will be introduced to the individual capacitor voltage regulation control. In practice, tracking dynamics always exist. However, for SMs in one arm, the arm current flowing into them is the same. In addition, arm current in consensus theory is only part of the diffusion coefficient and it may only influence the rate of convergence. Therefore, currenttracking dynamics will not deteriorate the consensus-based interpretation.
To verify this, a second-order circulating current suppression controller is added to the MMC control system. In the circulating current, the second-order harmonic is one important component. Its existence increases the RMS value of arm currents, causing extra loss in the system. Consequently, many suppression methods have been proposed [13] , [36] - [39] . In this paper, the proportional resonant (PR) controller is adopted. The control diagram is shown in Fig. 6 . The second-order harmonic is first extracted from the circulating current. Then, through the PR controller, the corresponding control voltage u * cir,x is generated. The transfer function of the PR controller can be written as
where K P,PR is the P parameter, K R,PR is the R parameter, and ω o is the angular frequency (100π). This control voltage is added to the modulation signals in (14) . The new modulation signals for SMs are
Voltage regulation is tested under different situations: current tracked with large errors and current well-tracked. The experimental results are given in Section IV.
B. PERFORMANCE
Consensus will be reached as long as the graph is connected. Therefore, MMC voltage regulation control systems with different communication structures are also capable of achieving capacitor voltage regulation. To discuss the impact on control performance, we here compare different SM communication structures. We define two new graphs C 1 and C 2 . These are represented in Figs. 5(b) and 5(c). Obviously, they are connected graphs. In graph C 1 , the controller takes the average of a portion of the SM voltages, and in graph C 2 , the controller takes the average of neighboring SM voltages.
It should be noted that these two SM communication structures are not actually used in real MMC control systems. The discussion of these two structures aims to understand MMC voltage regulation control system within the aspect of consensus theory.
The Laplacians of graphs C 1 and C 2 are
As mentioned earlier, the performance can be measured by the second smallest eigenvalue of the Laplacian, λ 2 . By using MATLAB, the eigenvalues of L C , L C 1 , and L C 2 can be calculated, giving λ 2,C = 6.0000, λ 2,C 1 = 3.0000, and λ 2,C 2 = 1.0000. Apparently, the algebraic connectivity of graph C is the highest. Theoretically, the rate of convergence will also be the highest (using the same control parameters). A mathematical model in MATLAB has been built. This system has six agents with different initial states. Figs. 7(a)-7(c) show the results of the corresponding communication structures C, C 1 , and C 2 , respectively. The convergence times of these three cases are in the ratio of 55:110:310, which are very close to the ratio of λ 2,C :λ 2,C 1 :λ 2, C 2 = 
IV. EXPERIMENTAL VERIFICATION
To verify the analysis in this paper, a seven-level singlephase MMC prototype is built and tested in the laboratory. Fig. 8 shows the whole system setup. The DC link voltage is supported by two cascaded Chroma programmable DC power supplies (62150H-100S), which also create a neutral point on the DC side. Thus, the DC link capacitors are clamped by these two DC voltage sources, and no charging or discharging control is needed in the experiment. A Myway PE-Expert4 digital control system is used. PE-Expert4 is equipped with a TI TMS320C6657 1.25-GHz dual-core DSP, which achieves the control algorithm, with an FPGA and corresponding optical output, allowing reliable communications, and with several ADC modules.
The circuit parameters are listed in Table 1 . Since this paper mainly focuses on the MMC capacitor voltage regulation control, the MMC system in the experiment is designed to drive passive loads. Owing to the limitation of the measurement devices, only the SM1 and SM6 capacitor voltages of the lower arm are measured and displayed on the oscilloscope.
In conventional individual voltage regulation control, the adjusting signals are calculated in (18) , whereas in the discussed communication structures, i.e., Figs. 5 (b) and 4(c) , the new adjusting signals are expressed by
By substituting (28) and (29) into (30) and (31), respectively, the corresponding adjusting signals for each individual SM can be obtained directly: 
where, for simplicity, the subscript x = a, b, and c denoting phases A, B, and C is omitted in the final expression.
A. PERFORMANCE EXPERIMENTS
To show the rate of convergence of each communication structure, the individual capacitor voltage regulation control is disabled at the beginning. Voltage deviation occurs, as shown in Figs. 9(a)-9(c), which is then subjected to active regulation control. Fig. 9(a) shows the experimental waveforms of the existing communication structure, i.e., graph C. The capacitor voltages of SM1 and SM6 quickly converge to the reference value. The response time is ∼ 0.7 s. The voltage waveforms with communication structure C 1 are depicted in Fig. 9(b) . The capacitor voltages are also well regulated after activation. However, the response time is ∼1.4 s, which is a factor of ∼2 longer than the previous one. Fig. 9(c) shows the result of structure C 2 , for which the corresponding convergence time is ∼4.3 s. Note that the control parameters used in these experiments are all the same. A load change test has also been conducted in the laboratory. The resistance load is set to be 50 ohm at the beginning. After some time, it is switched to 20 ohm. The results for these three structures are shown in Fig. 10 . Apparently, the capacitor voltages are all well regulated in all these cases.
In addition, Fig. 11 gives the experimental waveforms for the MMC output voltage, output current, upper arm current, and lower arm current of these three structures in steady state. The harmonic components and Total Harmonic Distortion (THD) of output voltages and currents are also presented in Figs. 12 and 13. We can see that the harmonic components and THD are almost identical, indicating that different structures have no impact on the MMC operation.
The experimental results above verify that 1. consensus (voltage regulation) is achieved in connected graphs and 2. the existing communication connection has a higher rate of convergence. It is observed that, in the experiment, the , which coincides well with the theoretical analysis. In addition, it has been proved that the algebraic connectivity will reach its maximum value in a complete graph [40] , and the rate of convergence will also be the highest. This leads to the conclusion that the existing individual capacitor voltage regulation control is the fastest. It needs to be pointed out that the only difference among these three communication structures in MMC control is the adjusting signal calculation equation. Therefore, the complete-graph communication structure in an MMC control system is always applied to give the best control performance. 
B. CURRENT-TRACKING DYNAMICS EXPERIMENTS
To test the impact of current-tracking dynamics on the consensus-based interpretation, second-order circulating current suppression controller is added to the MMC control system to eliminate the second-order component in the arm current. If this controller works well, arm currents will only contain DC and fundamental frequency components. Figs. 14(a)-14(c) give the arm currents in different situations: Fig. 14(a) for the circulating current controller disabled, with a large second-order component appearing in the arm currents; Fig. 14(b) for the current tracked with large errors, where a second-order component can still be observed; dynamics will not deteriorate the consensus-based interpretation, confirming the analysis in Section III.
C. P CONTROLLER PARAMETER EXPERIMENTS
The experiments above tested the impact of current-tracking dynamics. Because the P controller parameter K P is also part of the diffusion coefficient, experiments were conducted to verify its influence. Figs. 17(a) -17(c) show the lower arm capacitor voltages in different communication structures, while the P controller parameter K P is doubled compared to that used in Figs. 9(a) -9(c) . The settling time in Fig. 17(a) is ∼0.3 s, ∼0.6 s in Fig. 17(b) , and ∼2.0 s in Fig. 17(c) .
As discussed in [22] , the rate of convergence is proportional to the diffusion coefficient. From the experimental results, this is also verified: K P doubled and convergence time was almost halved. This relationship is helpful in designing system control parameters. Based on the existing rate of convergence, we can directly adjust the P controller parameter K P according to the proportional relationship to get the desired control performance. This linear relationship may also be derived through a system transfer function, while with help of consensus theory, it can be directly obtained.
V. CONCLUSION
In this paper, based on mathematical derivation, we find that individual capacitor voltage regulation control in PSC-PWM MMC can be interpreted by consensus theory. This provides a theoretical proof of its validity. In addition, the impact of different communication structures on control performance is discussed. The analysis proves that the highest rate of convergence is achieved in the existing communication structure. The current-tracking dynamics issue is also discussed, which is found not to deteriorate the consensus-based interpretation. Moreover, the proportional relationship between the rate of convergence and the P controller parameter is justified, which is helpful in the design of system control parameters for researchers and power electronics engineers. Experiments are conducted on a seven-level down-scaled MMC prototype, verifying the analysis.
